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Introduction 1
The need for batteries with high energy storage capacities is more important than ever before. 2 Lithium-sulfur (Li-S) batteries are among the most promising systems due to the high theoretical 3 specific capacity (1672 mAh g -1 ) [1] and the low cost of sulfur. On a volume-for-volume basis , S batteries are expected to deliver at least the same energy as Li-ion batteries whilst being 5 substantially cheaper and lighter.
[2] They are, therefore, of great interest for replacing technology in applications such as electric vehicles, mobile electronic devices, and aerospace and 7 space applications. 8
Li-S batteries face challenges that originate from the properties of sulfur and products that arise 9 along the battery charge/discharge route. Both sulfur and Li2S (the final discharge product) are 10 electrically insulating, whilst the low density of the latter, relative to sulfur, means significant 11 volume expansion occurs within the cathode as discharge proceeds. These lead to a decline in sulfur 12 utilization and, therefore, cell capacity over extended charge/discharge cycles. A further issue is 13 the so-called "shuttle effect", where electrolyte-soluble lithium polysulfide (LiPS) intermediates 14 migrate between the anode and cathode, leading to a gradual degradation of the anode and 15 cathode. [3] [4] [5] [6] As a result of these issues, earlier Li-S batteries suffered from rapid capacity fading 16 and poor Coulombic efficiency. [7, 8] In the past few years, compositing sulfur with porous carbon 17 nano-particles has been found to be an effective solution to address the issues outlined above. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] 
18
The nano-pores host sulfur in a conductive network whilst providing strong retention of the soluble 19 LiPS. Use of nano-sized particles improves electrolyte-cathode contact and facilitates diffusion, leading to a better (i.e. lower) cathode impedance. [19] 21
One of the remaining barriers to commercialization of Li-S batteries is achieving high overall 22 gravimetric and volumetric capacities at sufficient areal sulfur loading within a reasonable cost 23 envelope. [20, 21] To be competitive with state-of-the-art commercial Li-ion batteries, areal sulfur 1 loadings of at least 4-6 mg cm -2 are required. [20, 22, 23] In comparison, much of the prior work based 2 on carbon nano-particles have been demonstrated using considerably lower sulfur loadings. [20] This 3 is likely due to the challenges faced in forming a uniform thick coating of these nano-particulate 4 carbon-sulfur composites on the current collector surface. [23] 5
Recently, sulfur loadings in excess of 10 mg cm -2 have been achieved by incorporating sulfur into 6 3D interconnected carbon networks. [24] [25] [26] [27] [28] Initial sulfur specific capacities beyond 800 mAh g -1 have 7 now been achieved in such cases for cycling rates below 0.2C. However, just a few demonstrated 8 long-term cycling at and above 0.5C.
[29] Additionally, in order to improve sulfur utilization in these 9 high sulfur-loading cathodes, loose macroporous structures have been employed by some. [27] [28] [29] 10 This, however, leads to reduced volumetric capacity and elevated cell weight due to the high 11 electrolyte fraction required to fill the macropores. 12 Whilst efforts have been expended to maximize areal sulfur loading so as to improve the areal 13 capacity, [24] [25] [26] 28] very high areal sulfur loadings have been found to cause severe anode corrosion 14 and consequent early cell failure.
[28] A 4-6 mg cm -2 sulfur Li-S battery is of commercial interest to 15 replace current Li-ion batteries provided that it can balance battery life time with volumetric and 16 gravimetric capacity. [20] 17
In this contribution, we report on a Li-S cathode with long-life high performance for 18 charge/discharge rates of up to 0.5C. The cathode is built upon highly porous and monodisperse 19 nitrogen-doped carbon nanospheres (NCNS). The carbon was synthesized from template-and 20 surfactant-free phenol resin precursors. A cathode composite was formed by incorporating 70 wt% 21 of sulfur into 30 wt% of the NCNS using melt-diffusion method. The composite (NCNS-S70) 22 exists as close-packed interconnected nanosphere clusters that enable the fabrication of a crack-23 the nanospheres. There is an initial rapid uptake of N2 to a plateau of 900 mL(STP) g -1 via an open 1 knee that ends at relative pressure ( ⁄ ) around 0.2. A second rapid uptake to a plateau of around 2 1400 mL(STP) g -1 occurs just prior to saturation. A close-up of this region (Figure 1d upper inset) 3 reveals saturation occurs prior to ⁄ = 1 and hysteresis between the adsorption and desorption 4 isotherms, suggesting that this second rapid uptake of N2 is due to capillary condensation within 5 the uniform mesoporosity between the close-packed nanospheres. 6
The pore size distribution obtained using quenched solid density functional theory (QSDFT) [33] is 7 shown in the lower inset of Figure 1d . This indicates that the porosity within the carbon 8 nanospheres is dominated preferentially by micropores (i.e. less than 2nm in width). One group is 9 centered around 1 nm with a narrow distribution and another has a broad span from 1nm to 2.5 nm, 10 which is reflected in the open knee of the nitrogen isotherm. The specific micropore volume is 11 evaluated using the Dubinin-Radushkevich equation to be 1.0 cm 3 g -1 out of a total specific pore 12 volume of 2.3 cm 3 g -1 . The difference between these two volumes is sufficient to accommodate the 13 Li-S volume expansion during discharge, [34] thus helps to avoid physical damage to the cathode. 14 The chemistry of the carbon material was characterized using X-ray photoelectron spectroscopy 15 (XPS). As the survey scan in Figure 1e indicates, the material is composed of C (94 wt%), O (1 16 wt%) and N (5 wt%). The high resolution N1s scan, which is shown along with its deconvolution 17 inset to Figure 1e , reveals a pyridinic N (398.4 eV), pyrrolic N (400.5 eV), and quaternary N (402.5 18 eV) atomic ratio of 3:4:3. The pyridinic and pyrrolic N, which are known to be good for 19 immobilizing LiPS compared to pristine carbon surfaces, [35, 36] together constitute 70% of the total 20 nitrogen content. This is illustrated here by the results of a simple solution phase adsorption test, NCNS and Super P carbon black, a reference carbon used by many in the field, [10, 15, 37, 38] were 23 added. The change in solution colour is marked for the NCNS, whilst little change can be observed 1 for Super P. 2
By determining the concentrations of Li2S6 after the adsorption test using UV-Vis 3 spectrophotometry (details in Supporting Information (SI): Figure S1 ), the Li2S6 uptake on the 4 NCNS is estimated to be better than 0.25 g/g, 20 times that of Super P. Interestingly, this level of 5
LiPS adsorbability is also greater than that observed for N-doped mesoporous carbons, [15, 37] 6 suggesting that the abundant microporosity and high surface area of the NCNS is also playing a 7 role in the adsorption of the Li2S6. 8
The NCNS-S70 cathode material was subjected to X-ray diffraction (XRD) and thermogravimetric 9 analysis (TGA). The results suggest that sulfur is well-confined within the micropores of the carbon 10 as an amorphous phase (SI: Figure S2 and Figure S3 ). High resolution transmission electron 11 microscopy (HRTEM) images (Figure 2a-c) and the diffuse rings in the selected area electron 12 diffraction (SAED) pattern (Figure 2a inset) for the NCNS-S70 material indicate a non-13 graphitizing porous carbon microstructure [39] and, in line with the XRD and TGA results, an 14 absence of crystalline sulfur. 15 and should also aid electrical conductivity between the nanospheres [15] and, thus, throughout the 22 fabricated cathode. 23
The scanning transmission electron microscopy (STEM) high-angle annular dark-field (HAADF) 1 image in Figure 2d suggests a uniform microstructure throughout the nanospheres, whilst Figures 2 2e-g are also indicative of homogeneous distributions of C, N and S in the nanospheres. The 3 homogeneous sulfur distribution maximizes the access of sulfur to the large, N-functionalized pore 4 surface of the NCNS. The uniformly distributed sulfur confined within the NCNS porous structure 5 also explains the TGA results (SI: Figure S3 ), where sulfur loss was found to take place at 6 substantially higher temperatures and at a slower rate compared with pristine sulfur powder. 7
Cathode morphology and electrochemical performance 8
The cathodes were formed by slurry coating the cathode material onto a carbon-coated Al current 9 collectors with carbon black and PVDF binders. Apart from the cathodes containing 5 mg cm -2 10 sulfur, thinner cathodes containing 2 mg cm -2 sulfur were also made and tested here for comparison. 11
The structure of the thicker cathode was characterized using SEM, To evaluate the cathode structure through its depth, the 5 mg cm -2 cathode was embedded in epoxy 21 resin and sectioned for cross-sectional SEM imaging. As seen in Figure 3c , the cathode is 22 essentially homogeneous crack-free from the current collector at the bottom through to its upper 23 surface. A smooth interface can be seen between the cathode material and current collector, which 1 ensures good electrical conductivity into the latter. The cathode coating thickness is around 50 µm. 2 A Li-S cell containing the 5 mg cm -2 cathode was subject to cyclic voltammetry (CV) at a scan rate 3 of 0.1 mV s -1 between 3.0 V and 1.5 V. The results, which are shown in Figure 3d , clearly indicate 4 two redox pairs. The first, which occurs at around 2.2 V, can be attributed to the reduction of sulfur 5 to soluble long chain LiPS (Li2Sx, 4 < x < 8), whilst the second at around 2.0 V is due to the further 6 reduction of these LiPS to short chain insoluble sulfides (Li2Sx, 1 < x < 4).
[40] The second of these 7 cathodic peaks up-shifts over the first 5 scans, indicating that the cathode undergoes an activation 8 process in the initial cycles. A broad anodic peak spanning between 2.1V to 2.8V exists in all the 9 spectra. It can be seen that this peak is in fact formed of two closely located anodic peaks that 10 represent the reverse of the cathodic counterparts [40] and can be attributed to the continuous 11 micropore-confined oxidization of Li2S to LiPS and, finally, sulfur. Little difference can be found 12 between the spectra of scan 5 and scan 10, indicating the cathode had stabilized after the first 5 13 scans. 14 Electrochemical impedance spectroscopy (EIS) results for a cell containing the 5 mg cm -2 cathode 15 at the charged-state are shown in Figure 3e . The spectrum of the virgin cell is dominated by a large 16 depressed semi-circle. This, however, changed significantly over the first 25 charge-discharge 17 cycles (C25) before stabilizing (c.f. C100 spectrum). Two depressed semi-circles are evident in the 18 high frequency region of the C25 and C100 spectra, which can be attributed to electrode-electrolyte 19 charge transfer resistance (Rct, higher frequency) and interphase resistance between the conducting 20 carbon matrix and sulfur (Rint, lower frequency), respectively. [16, 41] 
21
To enable quantitative analysis, an equivalent circuit model [41] is employed to fit the experimental 22 spectra (details in SI: Figure S4 and Table S1 ). The impedance of the uncycled cell is found to be 23 caused predominately by a large Rct of 140.7 Ω. This is related to the insufficient electrolyte wetting 1 of the cathode before cycling [41, 42] . After 25 and 100 cycles of charge-discharge, Rint decreased to 2 35.8 Ω and 33.2 Ω respectively. This is consistent with the gradual change of the CV profiles with 3 the increasing number of scans (Figure 3d ). Rct remains low over the 100 cycles, the values being 4 8.0 Ω, 12.3 Ω and 14.4 Ω for the uncycled, 25 and 100 cycles, respectively. This stable low 5 impedance originates from the highly conductive carbon matrix formed by the NCNS, the sufficient 6 ion-diffusion channels between the close-packed nanospheres and the good fixation of sulfur within 7 the carbon porous structure. 8
Galvanostatic charge-discharge curves collected at three different C rates (0.05C, 0.2C and 0.5C, 9
where 1C = 1672 mA g -1 of sulfur) on cells fabricated from the 5 mg cm -2 and thinner 2 mg cm -2 10 cathodes are shown in Figure 3f . The thinner cathodes were tested to evaluate the effect of cathode 11 thickness on performance. Owing to the above mentioned cathode activation over the initial cycles, 12 charge-discharge curves from the 25 th cycle are compared. The C rate appears to have little impact 13 on the overall shape of both the charge and discharge curves. The charge curves start with a small 14 over-potential of around 2.25 V before they go on to steadily increase with specific capacity from 15 2.2 V to 2.4 V. The discharge curves exhibit the two typical discharge plateaus. In agreement with 16 the CV profiles, the first at around 2.3 V correlates to the conversion of sulfur to long chain LiPS, 17 whilst the second from 2.1 to 2 V is due to the continued discharge where the long chain LiPS are 18 converted to Li2S. 19
A high 1395 mAh g -1 discharge specific capacity was achieved on the thin cathode at 0.05C to a 20 cut-off potential of 1.7 V. Severe LiNO3 (electrolyte additive, see Experimental Section) 21 reduction [43] was observed below 1.7 V at 0.05C for the thin cathode whilst the value is found to 22 be 1.5 V and lower in all the other situations considered here. At the higher charge/discharge rates 23 of 0.2C and 0.5C, the specific capacity of the thin cathode was found to be 1160 mAh g -1 and 934 1 mAh g -1 , respectively (i.e. 83% and 67% of the 0.05C value). The 5 mg cm -2 S cathode yielded 2 discharge capacities of 1284, 1065 and 874 mAh g -1 for 0.05C, 0.2C and 0.5C respectively, which 3 are over 90% of those achieved for the thinner cathode considered here. Considering the cathode 4 thickness shown in Figure 3c (50 µm of the cathode coating plus 18 µm of the current collector), 5 the volumetric capacity of the thicker cathode is calculated to be 917, 760 and 624 mAh cm -3 for 6 0.05C, 0.2C and 0.5C, respectively, amongst the highest reported to date. Around 0.1 V 7 polarization is visible at 0.5C on the discharge curve of the thick cathode. This indicates that ion 8 diffusion is a limiting factor at 0.5C, and the cells were not tested at C rates higher than this. 9
Cells containing the 5 mg cm -2 cathodes were subjected to long-term cycling at 0.5C and 0.2C to 10 evaluate cell stability. At the higher rate, 500 charge-discharge cycles were performed (Figure 4a) , 11 whilst 200 cycles were performed at 0.2C (Figure 4b ). At 0.5C, the cell presents with an initial 12 discharge capacity of 1196 mAh g -1 . This capacity drops over the first 25 cycles, however, to 874 13 mAh g -1 whilst the Coulombic efficiency drops from 108% to 95% before gradually stabilizing at 14 around 97%. The above-100% Coulombic efficiency in the first few cycles indicates mild 15 dissolution of sulfur into the electrolyte, which becomes irreversible in the following cycles. 16 Figure 4c shows the change of the 0.5C Galvanostatic charge-discharge curves over the 500 cycles. 17
The change in the curve shape over the first 25 cycles arises from a gradual reduction in polarization 18 of the second discharge plateau. From cycle 25 onwards, the dual-plateau discharge curve shape is 19 maintained, with the second plateau stabilizing at around 2.0 V. The specific capacity at cycle 500 20 is 672 mAh g -1 , which is 56% of the initial capacity; this corresponds to an average capacity fading 21 rate of 0.1% per cycle. 22
At 0.2C, the cell delivers a higher initial specific capacity of 1309 mAh g -1 . The cell activation 1 process observed at 0.5C was also found for the slower rate up to around cycle 15. , is calculated using 9
where is the specific sulfur capacity, the areal sulfur loading, and the thickness of the 11 cathode (including the current collector). To reflect the influence of cathode structure on the 12 required electrolyte fraction and overall gravimetric capacity, 'cathode region' gravimetric 13 capacity, , as per the following is considered 14
where is the fraction of sulfur in the cathode solid phase (w/w, including current collector), 16 the electrolyte fraction (µL mg -1 of sulfur), and . the electrolyte density (1mg µL -1 [20] ). It is 17 assumed that 50% of the total electrolyte mass contributes to the mass of the 'cathode region'. 18
As Figure 5a shows the cell based on the 5 mg cm -2 sulfur NCNS cathode compares very favorably 19 with other state-of-the-art systems (calculated values are shown in SI: Table S2 ). Our cathode is 20 in the top three, with the other two (from references 22 and 23) having slightly higher volumetric 21 capacity but less 'cathode region' gravimetric capacity or vice versa. The batteries falling withinthe broken red circle in Figure 5a are projected to be competitive with state-of-the-art Panasonic 1 NCR18650B Li-ion battery [20] in terms of gravimetric energy density (i.e. 200 Wh kg -1 , details of 2 calculation in SI). In particular, the battery considered here together with the cells demonstrated by 3
Chung et al. [25] are competitive in volumetric energy density (i.e. 600 Wh L -1 ) as well. 4
Further comparison in Figure 5b indicates this work to be amongst the best in the field in cathode 5 sulfur density (gram of sulfur per cm 3 of cathode volume, including current collector). This in turn 6 can lead to larger cathode volumetric capacity. An overall increasing trend of 'cathode region' 7 gravimetric capacity against cathode sulfur density is also apparent from these results. It is 8 generally believed that lower cathode sulfur density helps to improve sulfur-carbon contact for 9 better sulfur utilization and higher specific capacity. However, the analysis here suggests that the 10 electrolyte used to fill the large fraction of macropores in the low sulfur density cathodes acts to 11 reduce the overall gravimetric capacity. The electrolyte fraction required for the thick NCNS 12 cathodes here is 6 µL mg -1 , within the range required for thin low areal sulfur loading cathodes. [20, were used for those that appear to have the lowest 'cathode region' gravimetric capacities (See SI: 15 Table S2 for details.). With cathode sulfur density greater than 0.6 g cm -3 , the cathode reported 16 here demonstrates the possibility to achieve high gravimetric and volumetric capacities via micro-17 scale material design plus mesoscale cathode structuring. close-packed structure of the nanospheres also offers good electrical conductivity, sufficient ion-5 diffusion channels and low electrochemical impedance. These characteristics together provide a 6 comprehensive solution to yield high sulfur specific capacities and high cathode volumetric 7 capacities. The unique structure of the carbon also enables the formation of thick crack-free 8 cathodes with a compact macro-structure. This leads to a high cathode sulfur density of 0.6 g cm -9 3 , a low electrolyte content and, thus, high 'cathode region' and overall gravimetric capacities. The 10 excellent performance combined with the facile synthesis and fabrication route makes the cathode 11 material competitive for industrial scale-up. 12
Experimental Section 13
Preparation of NCNS and NCNS-S70: PRNS was synthesized following Zhao et al.
[30] The 14 resulting PRNS dispersion was washed with ethanol three times and centrifuged at 10000 rpm for 15 30 min to collect the solid PRNS. After drying at 90 °C overnight, 5 g of the PRNS was transferred 16 to an alumina boat that was then placed in the centre of a tube furnace for carbonization, activation 17 and nitrogenation. Carbonization was carried out under 500 mL min -1 flow of Ar. The furnace 18 temperature was ramped to 900 °C at 1 °C min -1 and held for two hours. During the ramping, the 19 temperature was paused for 2 hours at 210 °C and 650 °C respectively. The flowing gas was shifted 20 to 1000 mL min -1 CO2 at the end of the carbonization and the temperature was maintained at 900 21 °C for a further 15 hours during which the carbonized product was activated. At the end of the 22 activation the temperature was decreased from 900 °C to 600 °C at 3 °C min -1 whilst the tube 23 furnace was purged with N2 at 1000mL min -1 . 200mL min -1 ammonia was introduced when the 24 furnace reached 600 °C and the temperature was maintained for 6 hours to allow nitrogenation. The microscope is equipped with a Gatan Multiscan CCD Camera, a Fischione high-angle annular 7 dark-field (HAADF) detector and an Oxford Instruments X-Max 80 mm 2 window-less energy-8 dispersive spectrometer (EDS). N2 adsorption and desorption was performed using a Quadrasorb-9
Kr/MP apparatus from Quantachrome Corp. Samples were degassed at 250 ºC for 8 hours under 10 high-vacuum (10 -4 Pa) before the isotherms were measured. Specific surface area was calculated 11 using the Brunauer-Emmett-Teller (BET) model following the recommendation for microporous 12 materials.
[50] Specific pore volume was calculated using the Dubinin-Radushkevich equation. Pore 13 size distribution was calculated using the quenched solid density functional theory (QSDFT) 14 models.
[33] X-ray photoelectron Spectroscopy (XPS) was performed on a Thermo Scientific K-15
Alpha spectrometer with a monochromated Al kα x-ray source. X-ray diffraction was performed 16 on a Bruker D8 Advance Cu kα diffractometer. Diffraction patterns were collected from 2θ of 10° 17 to 90° at around 1° min -1 with a step size of 0.016°. Thermogravimetric analysis (TGA) was 18 performed on a TA Instruments Q600 analyzer. Analysis was done with around 10 mg of sample 19 under 100 mL min -1 flow of N2 and 10 °C min -1 heating rate. Solution phase Li2S6 adsorption tests 20 were performed following reported procedures (details in SI). [15, 37] 
21
Electrochemical Measurements: Cathodes with 2 mg cm -2 S and 5 mg cm -2 S were prepared by the 22 conventional slurry coating method. Briefly, NCNS-S70 (85 wt%), Super P (7.5 wt%) and 23 polyvinylidene fluoride (7.5 wt%) were mixed and stirred in N-methyl-2-pyrrolidinone (NMP) 24 overnight to form a homogeneous slurry. The slurry was then blade coated onto a carbon-coated 25
Al foil (MTI, 18 µm thick) and vacuum dried at 65 °C for 24 hours. Cathode mass was measured 26 using a laboratory analytical balance (FISHER SCITIFIC). Cathode thickness was measured using 27 a digital micrometer (MITUTOYO 395). The cathode coating thickness was around 18 µm and 50 28 µm for the thin and thick cathodes, respectively. CR2032-type test cells were assembled in an Ar-29 filled glove box (MBRAUN LABstar). Lithium foils (99.9%, 750 µm thick) punched to 16 mmdiscs. Celgard 2325 membranes were used as separators. The electrolyte was LiTFSI (1M) plus 1 LiNO3 (1 wt%) dissolved in 1:1 (v/v) mixture of 1,3-dioxolane (99.5% anhydrous) and 1,2-2 dimethoxyethane (99.9%, anhydrous) and the electrolyte to sulfur ratio was 6 µL mg -1 for a whole 3 cell. Cyclic voltammetry was performed on a METROHM µAUTOLAB potentiostat between 1.5 4 V and 3.0 V at a scan rate of 0.1 mV/s. Electrochemical impedance spectroscopy (EIS) was 5 performed on a potentiostat/galvanostat (Princeton Applied Research 263A) coupled with a 6 frequency response analyzer (SOLARTRON 1250). The frequency range was 100 kHz to 0.1 Hz 7 and the perturbation amplitude was 5 mV. The equivalent circuit model proposed by Deng et al. [41] 8 was used to analyze the collected spectra. Galvanostatic charge-discharge measurements were 9 performed on a NEWARE BTS9000 battery testing system. C rates were determined on the cells' 10 sulfur contents, where 1 C = 1672 mA per g of sulfur. 11
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